of surface texture in boundary lubrication when lubricant additive is contained in the lubricating oils.
Introduction
Boundary lubrication is widely observed in almost all mechanical operations [1] . Friction mainly comes from the resistance during boundary lubrication to break solidto-solid asperity junctions, and as an accompanying event of the junction breakdown, harmful adhesive wear particles are usually generated. Hence friction and wear reduction could not be achieved unless the contact intensity of the asperities is relieved and the strength of asperity junctions is weakened. Formation of adsorbed organic films or soft reaction products by rubbing, often referred to as tribofilms, on metallic surfaces with the aid of lubricant additives, such as friction modifiers, is one of the technologies available to reduce boundary friction [2, 3] .
Molybdenum dialkyldithiophosphate (MoDDP) is a typical friction modifier which is often used in many industrial and automotive applications to reduce frictional energy losses [4] . A lot of experimental results have shown that it can reduce friction and increase durability of metal surfaces by forming a tribofilm [5] [6] [7] [8] [9] [10] [11] . Previous results have demonstrated that MoDDP reaction films could produce low friction coefficient (< 0.05) after a few running cycles [8] . Antiwear performance of MoDDP additive with various concentrations has also been investigated previously [9] . At low concentrations, the MoDDP additive did not improve the antiwear properties of commercial-grade engine oils, but a relatively higher concentration of MoDDP could potentially Abstract This paper reports a novel work on the synergetic effects of microscale surface texturing and lubricant friction modifier additive of molybdenum dialkyldithiophosphate (MoDDP) subject to both flooded and starved lubrication conditions. The experiments were performed on reciprocating ball-on-disk friction in GTL8 base oil with and without MoDDP. In the flooded lubrication condition, the test results demonstrated that the presence of the MoDDP additive contributed to lower friction coefficients and also more pronounced effect of surface textures on friction than in the case of the bare base oil. In the starved lubrication experiments, textured and texture-free surfaces in the oils with and without MoDDP additive were tested until an abrupt rising of friction coefficient was detected. The results showed that the magnitude of friction coefficient before terminating each test was the almost same for various tests, while the endurance time in different test conditions was significantly different. The textured surface exhibited longer endurance time than the texture-free surface, especially when the MoDDP additive was used. The mechanism of the synergetic effects of surface textures and MoDDP additive has been discussed based on the experimental observations in the following sections. This study provides a new idea for the application 1 3 163 Page 2 of 18 improve the antiwear properties of commercial engine oils. Meanwhile, the mechanisms of MoDDP friction modifier have attracted significant attention over the past few decades. It is widely assumed that MoS 2 sheets are formed by tribochemical reactions between the sliding surfaces, leading to low friction [4] .
In recent years, another attractive technology, known as surface texturing, for reducing friction and wear has emerged and been gradually applied to many machine elements, including mechanical seals, thrust and journal bearings and piston rings [12] [13] [14] [15] [16] . The effect of surface textures on tribology is different from friction modifiers, antiwear and extreme pressure lubricant additives which protect friction surfaces from severe wear through tribochemical reaction. Surface texturing reforms surface topography by constructing regular distributions of dimples, grooves or bumps on a machined surface at micro-and/or nanoscales by micro-/nanofabrication processes [17] [18] [19] [20] [21] . The most commonly used texture processing methods are laser ablation, photochemical machining, electric discharge machining. The introduction of surface textures could influence many aspects of interface phenomena, such as real contact area, lubricating oil, pressure and wear debris distributions in the contact zone. Consequently, this may result in impacts on the formation, maintaining and removal of boundary film. However, to date, most previous studies of surface texturing effects focused on the hydrodynamic lubrication regime where no wear occurs and boundary films have little influence on friction. In the literature, there are a few reports of surface texturing effect on boundary lubrication state [22] [23] [24] [25] [26] [27] . The tribological effects and key parameters of textured surfaces in sliding contact with boundary lubrication have been discussed in these published results. However, none of the previous studies explored whether and how surface texturing alters the boundary lubrication performance of MoDDP friction modifier.
Microscale dimples and grooves act as lubricant oil reservoirs which are usually beneficial in terms of reducing or even preventing interfacial scuffing and seizure during start-stop conditions when oil supplies are low which in turn presents starved lubrication regimes. Some researches have demonstrated the oil film thickness was bigger when passing through microdents than across smooth surface during starved elastohydrodynamic lubrication (EHL) contacts [28, 29] . Until now, it is not clear what role the MoDDP additive can play under starved boundary lubrication in the presence of surface textures.
In this study, two types of most commonly used microscale textures, circular dimples and line grooves, were tested in both flooded and starved boundary lubrication conditions. Gas to liquid (GTL) with and without MoDDP additive was used as the lubricating oils. The purpose of this work is to provide some insights into the application of surface textures in boundary lubrication of MoDDP-contained oils. The authors believed that this is the first report in terms of detailed investigation of the synergetic effects between microscale surface texturing and lubricant additive MoDDP.
Experimental Details

Test Rig
Tribological experiments were performed on a reciprocating tribometer UMT-3 (Center for Tribology, Inc.) by using a ball-on-plate module as shown in Fig. 1 . The dimensions and properties of the ball and plate are shown in Fig. 1 and Table 1 . During the tests, the ball was stationary, while the plate slid forth and back. The operation conditions are shown in Table 2 . The maximum Hertz contact pressure and contact radius are 2.569 GPa and 0.167 mm, respectively, under the operation conditions. 
Test Program
Before the testing, both the balls and plates were ultrasonically conditioned in a petroleum ether bath, then acetone bath and alcohol bath for 5 min, respectively. The balls and plates were dried with compressed nitrogen after conditioning. At the beginning of the test, a few droplets of lubricant were introduced between the ball and the plate to ensure that the oil supply between the contacting surfaces was maintained. In order to study the friction performance under both flooded and starved lubrication conditions, two different oil supply methods were used in this experiment. Before friction test, 500 μL lubricant was introduced between the ball and the plate to ensure sufficient oil supply between the contacting surfaces for the flooded lubrication conditions, while for the starved lubrication, only 1.5 μL lubricant was supplied onto the plate; then, the plate was smeared on the plate surface carefully by a rubber bar to make sure that the plate was coated uniformly with a thin layer of lubricant (as shown in Fig. 2) . Figure 3a , b shows the schematics of a flooded and starved lubrication condition, and the contact zone is also presented in Fig. 3c . Each test was repeated for three and two times for the flooded and starved lubrication, respectively. The test program is shown in Table 3 .
Preparation of Textured Samples
The plates were polished by 800#, 1000#, 1200#, 2400# and 4000# grades sand papers for 5 min, respectively. Then these samples were polished with chemical polishing solution for 2 min [30] . The polished plate samples with surface roughness Ra of 4-10 nm were obtained. After that, the polished steel plates were textured in the form of circular dimples and line grooves with a picosecond laser equipment. The diameter of the dimples (d) and the width of the grooves (ΔW) were fixed as 45-50 and 30 μm, while the depth of the dimples and grooves (h) was changed in the range of 0.56-4.4 and 2.5-12.2 μm, respectively. Both dimple and groove features were manufactured at three different distance (L) to study the influence of the inter-feature distance. Circular dimples and line grooves with different center distances (L) of 100, 150 and 200 μm were fabricated. For comparison, the texture-free lapped samples, h = 0 μm, were also tested as a reference for bench marking. Figure 4 shows the topography profiles of circular dimple-textured surface with a depth of 2.5 μm and center distance of 100 μm, and groove-textured surface with a depth of 10 μm and center distance of 150 μm. As Fig. 4 shows, the dimples and grooves were distributed uniformly on the polished surface. The white arrows in Fig. 4a(a 1 ) , b(b 1 ) and black arrows in Fig. 4a (a 3 ), b(b 3 ) depict the sliding directions of textured plates.
Lubricant and Additive
Base oil with and without friction modifier MoDDP was used in the experiments. The base oil was a mixture of synthetic lubricating oil GTL8 [Shell (Shanghai) Technology Ltd., China] 80 wt% and of trimethylolpropane ester oil 20 wt%. The trimethylolpropane ester was used to improve Table 4 , respectively.
Lubricant with various concentrations of MoDDP (c = 0.1, 0.25, 0.5, 1, 3 wt%) was prepared to study the influence of additive concentration on friction performance. The mixtures were stirred with a magnetic stirrer for at least 30 min before testing to ensure that the additive disperses well in the base oil. The viscosity (η 0 ) is about 78 mPa·s for all the oils used during this research with various concentrations of MoDDP. So the effect of MoDDP on lubricant viscosity and viscous friction is assumed negligible.
Experimental Results of Flooded Lubrication
The film thickness ratio or λ ratio, defined as the ratio of average film thickness over composite root mean square (RMS) roughness, is often used for estimation of lubrication state in a rough point contact. Here, Hamrock-Dowson formula [Eq. (1)] is applied to calculate the minimum lubricant film thickness h min [31] .
where
Under the experimental conditions during this study, the radius of the ball R = 5 mm, the entrainment velocity U = 0.025 m/s, the oil viscosity 0 = 78 mPa·s (@20 °C), the pressure-viscosity coefficient α = 2.2 × 10 −8 m 2 /N, the equivalent elastic modulus E′ = 210 GPa, the applied load W = 150 N. So the film thickness calculated with Eq. (1) is h min = 8.24 nm. Figure 6 shows the 3D interferometry images of the ball and plate which have been used in this experiment. The RMS roughness of the ball and the plate is 20 and 4-10 nm, respectively, so the composite RMS roughness is σ = 20.4-22.4 nm. Therefore, the film thickness ratio
68 λ = h min /σ < 1, which means that the friction pair operated in boundary lubrication region. Figure 7 shows the test results of friction performance of texture-free and circular dimple surface with various depths. As shown in Fig. 7a , when the base oil was used as a lubricant, the circular dimple-textured surfaces had a lower friction coefficient (0.083-0.093) than the texture-free surface (h = 0). When the dimple depth was 0.9 μm, the friction coefficient was lower than that of the other shallower or deeper dimpled surfaces. When the base oil with 0.5 wt% MoDDP was used as lubricant, the friction coefficient showed different trends compared to when only base oil was used, as shown in Fig. 7b . Throughout the testing process, the friction coefficient was high at the initial stage and then reduced gradually for the texture-free surface (h = 0). However, for the textured surface with different circular depths, the friction coefficient decreased from about 0.09 at the initial stage to a lower value 0.05-0.07 after a short running-in time and kept almost constant for the remaining time. The friction coefficient drops fastest and reaches the lowest value among the tested dimpled samples for the surface with dimple depth of 2.5 μm. Comparing Fig. 7b with a, it can be seen that the presence of 0.5 wt% MoDDP significantly enhances the dimple depth effect on friction coefficient; in other words, a synergy effect between the dimple texturing and friction modifier exists.
Circular Dimple Textures
Dimple Depth Effect
Center Distance Effect
Center distance between two adjacent dimples directly determines the density of dimples within the contact zone and thus could affect the friction performance. Here, the depth of the dimples was fixed as 2.5 μm, while the center distance, L, was changed as 100, 150 and 200 μm, respectively.
As Fig. 8a shows, when the base oil was used as lubricant, the friction coefficient of dimple-textured surface with center distances of 100 and 200 μm was close to that of texture-free surface (L = 0) and approximately reached to the same value at the end of the tests (0.09-0.095). When the center distance was 150 μm, the textured surface showed the best friction performance with lower friction coefficient of 0.087-0.09. When 0.5 wt% MoDDP additive was contained in the lubricant, the friction coefficient decreased from about 0.09 to lower values after several minutes during the test, as shown in Fig. 8b . When the center distance was 150 μm, the friction coefficient was smaller than that of the texturefree surface. When the center distances were 100 μm and 200 μm, the friction coefficients were larger than those of the texture-free surface.
When MoDDP additive is present, the dimple's center distance has a much stronger effect during the running-in stage and the level of steady friction on the friction coefficient, in terms of its reduction as shown in Fig. 7 comparing to base oil. The center distance of 150 μm is the best among all of the tests from the friction reduction view point.
Additive Concentration Effect
It has previously been reported that MoDDP concentration is an important factor which influences tribofilm formation [9] . In this study, experiments were performed by using various MoDDP mass concentrations of 0% (base oil), 0.1, 0.25, 0.5, 1 and 3 wt%. The friction coefficient was around 0.09-0.095 when the MoDDP concentration was 0.1 wt% for the texture-free surface. This is almost the same as that of the base oil which is 0 wt%. The friction coefficient gradually decreased to 0.05 and 0.06 when the concentration of MoDDP was increased to 0.25 and 0.5 wt%, respectively. When the concentration further increased to 1 wt%, the friction coefficient decreased from about 0.075 at the initial stage to a lower value of 0.055 after a short running-in time and remaining almost constant for the rest of the testing. However, when the concentration was increased to 3 wt%, the friction coefficient was more than that of the concentrations 0.1-1 wt% at the end of the tests. Hence, it is deduced As shown in Fig. 9b , the dimple texturing does not change the trend significantly. The relationship between the friction coefficient and MoDDP concentration for the dimpletextured surface was similar in trend to that of the texturefree surface, especially when the concentration is lower than 0.25 wt%. For the higher concentrations, the running-in of the dimpled surfaces is quicker to some extent than of the texture-free surfaces.
From the experimental results, it is concluded that there is a threshold of the MoDDP concentration in terms of saturation point. Beyond this threshold, the MoDDP has very little to contribute for further reduction in the friction coefficient for both textured and texture-free surfaces. These results are consistent with the previous study [9] which was only focused on texture-free surfaces.
Groove Textures
Groove Depth Effect
For the grooved samples, friction coefficient was larger than that of the texture-free sample when no MoDDP was used as shown in Fig. 10a . The friction coefficient remained almost constant, 0.095-0.105, throughout the experiment for the texture-free and all the grooved surfaces. After adding 0.5 wt% MoDDP additive to the lubricant, the friction coefficient fell from around 0.11 to a lower value about 0.05 after running-in for several minutes. When the depth of the groove was 2.5-10 μm, the friction coefficient was smaller than that of the texture-free surface and reached to a minimum value of around 0.045 at the depth of 10 μm. This is shown in Fig. 10b . 
Center Distance Effect
In this test, the groove depth was kept at 10 μm with various center distances of 100, 150 and 200 μm. As Fig. 11a shows, the friction coefficient of groove-textured surfaces with varying center distance was 0.1-0.145, more than that of the texture-free surface when the base oil was used as a lubricant, while when 0.5 wt% MoDDP was contained in the lubricant, the friction coefficient was large at first and then fell sharply for both texture-free and groove-textured surfaces. There was an optimal center distance of 150 μm for improving friction performance. However, unlike in the base oil condition, the friction coefficient of groove surface with center distance of 150 μm was smaller than of the texturefree surface when 0.5 wt% MoDDP contained in the lubricant. Based on the above evidence, it can be stated that it was the synergetic effects of groove texture and friction modifier which significantly improved the friction performance.
Additive Concentration Effect
As shown in Fig. 12 , when the concentration was 0.1 wt%, the friction coefficient remained around 0.1 during experiment, almost the same as that in the base oil (0 wt%). When MoDDP concentrations were 0.25, 1 and 3 wt% the friction coefficient of groove-textured surface showed the same trend throughout the test as that of the 0.5 wt% concentration which was been described earlier. As the concentration increased, the friction coefficient first decreased and then increased and reached the optimal value when the concentration was 0.5 wt%. This rule was the same as that of the texture-free and circular dimple-textured surface. In addition, it is noteworthy that the higher the concentration, the faster the friction coefficient which tends to decrease from a relatively high value. 
Experimental Results of Starved Lubrication
Starved lubrication was realized by covering the top surface of the plate samples with a thin layer of lubricating oils as shown in Figs. 2 and 3 . Circular dimple textures and groove textures with the optimal geometric parameters (for circular dimple h = 2.5 μm, L = 150 μm and for groove h = 10 μm, L = 150 μm) obtained in Sect. 3 were selected in this starved lubrication experiments. The friction tests were conducted under the same load and speed as in the flooded lubrication conditions until an abrupt increase in friction coefficient was detected. The time period till the sudden increase in the friction coefficient is considered here as the life span of the test sample. Each test was repeated for two times, and the results were all presented to make sure the experimental repeatability.
Circular Dimples
As shown in Fig. 13 , friction coefficient started at the initial value of about 0.1 whether or not MoDDP was added in the lubricant and went up abruptly after a period of test. When the base oil was used as a lubricant, the life span of the texture-free samples was 44 and 57 s, respectively, in two repeated tests and this was prolonged to 163 and 164 s, respectively, under the same operating conditions for dimpled surfaces as shown in Fig. 13a . This means that the dimples can prolong the life span up to 3-4 times. When 0.5 wt% MoDDP additive was added in the base oil, the lifespan was 131, 131 s for the texture-free surface and 3502, 3710 s for the dimple-textured surface in two repeated tests as shown in Fig. 13b . This implied the life span of dimpled surfaces was between 26 and 28 times longer than of the texture-free surface.
Summarizing the above results, it can concluded that there is a synergetic effect of the dimple and friction modifier, which is greater than the single effect of only textures (3-4 times increase in life span, from 44, 57 to 164, 163 s) or only MoDDP additive (2-3 times increase in life span, from 44, 57 to 131, 131 s). Figure 14 shows the friction performance of grooved surfaces under starved lubrication conditions with and without MoDDP additive. As Fig. 14a shows, the lifespan can be increased to 1960 and 2615 s in two repeated tests if line groove-textured surface with depth of 10 μm was used. Comparing to the texture-free surface, this means between 34 and 60 times increase in life span. When 0.5 wt% MoDDP additive was added in the base oil, the lifespan of groove-textured Fig. 14b .
Grooves
In summary, the synergetic effects of groove textures and 0.5 wt% MoDDP can prolong lifespan of test samples for 77-114 times (from 44, 57 to 4380, 5000 s). Meanwhile, it can be seen that the grooved samples are more effective in starved lubrication than the dimpled surfaces. This may be attributed to more lubricant storage for the line groove textures.
Discussion
Flooded Lubrication
The reaction films can produce ultra-low friction coefficient from a relatively higher value after a short running-in time due to the MoDDP characteristics when subjected to flooded lubrication [8] . Usually, this running-in process was called induced period. Though this law mainly governs texture-free surface, it is also applicable to circular dimple and groove-textured surfaces as shown in Figs. 7, 8, 9, 10, 11 and 12. These figures suggest that textures mainly influence the induced period and the corresponding final friction coefficient. For circular dimple textures with various depths and center distances as shown in Figs. 7b and 8b, the induced period was shortened compared to the texture-free surface. The induced period for the groove surface was longer (L = 100, 200 μm) or shorter (L = 150 μm) than that for texture-free surface with different depths and center distances as shown in Figs. 12b and 13b. Figure 15 shows the induced period of texture-free surface and textured surfaces with different depths. The induced period of texture-free surface was about 150 s, which was longer than the textured surfaces with induced period of < 50 s. In addition, during the induced period, the friction coefficient of textured surface was larger than that of the texture-free surface.
Except for the difference in induced period, the final friction coefficient was more sensitive to texture parameters when MoDDP was contained in the lubricant than when only base oil was used. When the base oil was used as a lubricant, the friction coefficient of circular dimpletextured surfaces and grooved samples was 0.085-0.095 (Figs. 7a, 8a ) and 0.09-0.12 (Figs. 10a, 11a) , respectively. When 0.5 wt% MoDDP was contained in the lubricant, the friction coefficient for the textured surface decreased to lower values of 0.05-0.09 (Figs. 7b, 8b ) and 0.045-0.11 (Figs. 10a, 11a) , respectively, and remaining almost constant in the remaining time after induced period. So the difference in friction coefficient for the dimple-textured surface with various geometric parameters is three times of that for a texture-free surface. Meanwhile, this value is also up to two times for the groove-textured surface.
The above various friction performances described between the textured surface and texture-free surface can be explained by the effect of surface textures on the formation of MoDDP tribofilms. Figure 16 shows a typical MoDDP tribofilm structure formed on the asperities. It is widely accepted that on the sliding surface, Fe phosphate, FeS and MoO 3 were formed on the fresh metal surface and worked as antiwear tribofilms. At the same time, nanosheets of MoS 2 formed between the sliding surfaces and then lead to smaller friction coefficient. Previous research showed that contact pressure was a critical parameter that influenced the friction performance of soluble molybdenum-containing compounds. The friction coefficient appears to drop only when solid-solid rubbing occurs at high pressures or with rough surfaces due to stress-assisted tribochemical reaction [32] . Some research showed that there was relatively high stress at the edge of textures [33, 34] . The texture parameters directly influence the pressure distribution in the contact region. Figure 17 shows the schematic comparative diagrams of pressure distribution of texture-free surface and textured surface. The contact pressure at the edge of the textures is larger than that at texture-free surface. Then, it can be reasonably extrapolated that the high contact pressure or relatively high stress at the edge of textures promote the generation of MoDDP triboflims and nanosheets of MoS 2 and thus affect the induced period of textured surface. However, the high contact pressure caused by larger area ratio or smaller center space may increase the friction coefficient. When the reducing friction effect of MoS 2 exceeds the increasing effect of center space, the friction coefficient began to drop. In this research, circle dimples with different depth and center spaces had shorter induced period than the texture-free surface, while for the groove textures, only surface with center distance of 150 μm had shorter induced period.
The friction coefficients of textured surfaces with various geometrical parameters have no obvious difference when base oil was used as a lubricant because textures provide almost no hydrodynamic effect under boundary lubrication. However, when MoDDP was contained in the lubricant, the friction coefficients were more sensitive to texture parameters. Except for the hypothesis of pressure activation described before, some research illustrated that under extreme conditions, the deformation of the material around the textures causes the volume of the textures to decrease, forcing the oil to flow out of the texture and then lubricate the surfaces [35] . This means that more additives can be provided to the contacting area from the textures. However, the lubricant extraction was affected by texture parameters [36] . Therefore, the friction coefficients were more sensitive to texture parameters when MoDDP was contained in the lubricant than that of the base oil. Meanwhile, surface textures can store solid wear particles during sliding process to prevent the tribofilms from being destroyed by abrasive particles. So the friction coefficient can keep constant for a long sliding time.
The wear scar morphologies of three different kinds of surfaces and corresponding counter-faces of balls after friction tests with and without MoDDP in the base oil are shown in Fig. 18 . The texture parameters of dimples and grooves are the optimal values obtained in this study. The depth of wear scars is 0.2, 0.3 and 2.75 μm for texture-free surface, dimple-textured surface and groove-textured surface, respectively, when base oil was used as lubricant. This means that the dimples and grooves have no antiwear effect subject to this operating condition. This is because under boundary lubrication conditions, the protrusion on the ball is easily embedded in the textures as shown in Fig. 17 and caused surface abrasions during the relative sliding process. However, when 0.5 wt% MoDDP was added in the lubricant, the depth of wear scars decreased to 0.125, 0.15 and 0.275 μm, (a 3 , b 3 ) textured surfaces and the balls, the black arrows depict the sliding direction. a Base oil and b base oil + 0.5 wt% MoDDP which are 62.5, 50 and 10% of the corresponding values when just base oil was used. So, it is the synergetic effect of surface textures and MoDDP which improve the wear performance.
Starved Lubrication
Optimized textured surfaces under flooded boundary lubrication conditions can also prolong the lifespan subject to starved boundary lubrication condition whether or not MoDDP was contained in the lubricant as shown in Figs. 13 and 14. It should be noted that the friction coefficient value of 0.1 remained constant throughout the testing until the lubrication failure if MoDDP was contained in the lubricant. However, this value was reduced to a lower friction coefficient in flooded lubricant conditions.
As described before, friction appears to drop because of the MoS 2 nanosheets formed during the sliding process. However, some previous studies also show that the ability of organo-molybdenum friction modifier to reduce friction can be lost when they operate in oxidizing environments [4] . This has been attributed to oxidation of MoS 2 sheets to high-friction MoO 3 components or additives in the solution have been consumed due to their peroxide-decomposing antioxidant nature. In this experiment, the plate samples are covered with only a thin layer of lubricating oils, so the lubricant cannot flow into the wear scar as in the flooded lubrication condition, which makes the material in wear scar oxidized easily. Furthermore, poor lubrication condition causes surface temperature to rise and then leads to oxidize the boundary tribofilms.
Although the ability to reduce friction has been lost, the wear resistance of MoDDP tribofilm is still better. Figure 19 shows the scanning electron microscope (SEM) micrographs of wear scar after lubrication failure of plate surfaces. Obvious pits can be seen in the wear scar when base oil was used as a lubricant, indicating that serious adhesive wear occurred. A small number of adhesive pits were formed when MoDDP was contained in the lubricant; however, obvious plastic deformation can be seen within the wear scar as compared to when MoDDP was not included in the lubricant. This is because that the wear mainly occurred between the MoDDP tribofilms which were formed on the sliding surface, instead of a direct contact between metals. So MoDDP mainly provides antiwear performance rather than friction reduction characteristics subjected to starved lubrication.
It is well known that when the lubricant maintains a complete boundary film, the lifespan of friction pairs can be prolonged. In the presence of MoDDP within the lubricant, the lifespan can be further prolonged when antiwear tribofilm is generated continuously. Figure 20 shows the photograph of dimple-textured plate after lubrication failure. As shown in Fig. 20 , a very thin layer of oil film covered on the plate out of the wear scar, but there was almost no oils in the in wear scar. The lubricant in contact region was partly removed to the end of the stoke and two sides of the wear scar during the sliding process, reducing the volume of oil in contact area. Some research showed that the oils stored in textures extracted from the texture and supplied additional lubrication to the contacting region until the texture was completely empty [36] . In Fig. 20 , oils also could be seen extracted from the dimples near the edge of the wear scar. Figure 21 shows the schematic diagram of failure mechanism under starved lubrication. Only partial asperity peaks contact occurred in the initial stage because the boundary films are relatively thick. As the wear test continued, the contact area increased due to material wear, but the lubricant could not flow into the contact area as compared to the flooded lubrication condition. This makes the boundary film thinner, or even part of the contact zone cannot be lubricated. Furthermore, poor lubrication condition causes surface temperature rise, further making the boundary film rupture, resulting in lubrication failure. However, for the textured surface, the textures can store lubricant oil and solid wear particles to prevent or delay the rubbing surface from scuffing or severe wear. In the case of textured surfaces, lubricant stored in the dimples or grooves plays a role of supplementary lubrication to the contacting surface. Due to starvation, external lubricant cannot still flow into the contact zone. Under this poorly lubricated conditions, existence of MoDDP additives in the lubricant can prolong the lifespan more obviously by generating antiwear tribofilms. Surface textures can promote the tribofilms formation as well as provide more MoDDP additives to the contact zone. So the lifespan of textured surface has been greatly enhanced when MoDDP is contained in the lubricant.
In summary, the synergetic effects of surface texturing and MoDDP improve the lubrication performance significantly. When MoDDP was contained in the oil, the advantage of textured surface was more obvious. The synergetic effect between microscale surface texturing and MoDDP lubricant additive is emphasized. During this research, two types of textured features, circular dimples and grooves, were investigated with or without the presence of MoDDP as a friction modifier. The sliding directions were kept constant for all of the experiments during the sliding process. Some research showed that the orientation effects are very important for the friction performance of textured surface [37] . So giving more in-depth research to study the orientation effects of circular dimples, grooves and other textures on synergetic effects of surface texturing and MoDDP additive are also a good research direction in the future. Meanwhile, the influence of operating conditions such as load, sliding speed and temperature was not within the scope of this research. It is suggested that this research may be extended to other dimple-textured surface, base oil + 0.5 wt% MoDDP, a3 groovetextured surface, base oil, b3 groove-textured surface, base oil + 0.5 wt% MoDDP operating conditions and textured surfaces, for example, elliptical dimples, triangular dimples, grooves with different angles and alternative lubricant additives such as antiwear additives and antioxidant agents.
Conclusions
In this paper, the synergetic effects of surface textures and friction modifier MoDDP under flooded and starved boundary lubrication conditions were experimentally studied with the purpose of providing some insight into the application of surface textures in boundary lubrication as additives were contained in the lubricant. The friction coefficient and lifespan of texture-free surface and two types of most commonly used microscale texture surface, circular dimples and line grooves, were compared. The following conclusions can be drawn from the experimental results.
Optimized surface textures and lubrication additive
MoDDP are effective to improve the friction perfor- mance when either of these is used subjected to both flooded and starved boundary lubrication conditions. 2. Under flooded boundary lubricant condition, the friction coefficient was more responsive to texture parameters when MoDDP was contained in the lubricant than only base oil was used. Meanwhile, the optimization parameters of circular dimple and groove textures with MoDDP were different compared to base oil. 3. Optimized textured surface subjected to flooded conditions can also prolong the lifespan of friction pair under starved oil lubrication condition whether or not MoDDP was contained in the lubricant. However, if MoDDP was contained in the lubricant, the advantage of textured surface was more obvious.
